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Abstract
Arburg plastic freeforming (APF) technology allows for fabricating patient-specific implants (PSIs) in a hospital environment 
using medical-grade thermoplastic polymers. Among these materials, poly(carbonate-urethane) (PCU) is of great relevance 
since it is characterised by excellent biocompatibility. This study explores the opportunity to realise a patient-specific cranial 
plate via APF. First, a Finite Element model (FEM) of the implant under compressive loads is developed and validated using a 
quasi-isotropic material. Then, this model is used for Finite Element Analysis (FEA) considering Technical Datasheet (TDS) 
material properties and those measured on 3D-printed specimens, by Three-Point Bending (TPB) tests. Finally, a PCU PSI is 
fabricated through APF and tested under static loads to validate the consistency of the numerical results. Considering TDS 
properties, the FEA results indicate that PCU can be used for the manufacturing of this device. Nonetheless, the TPB tests 
show that the material suffers from a loss of mechanical properties. Using these properties, the displacements calculated via 
FEA exceed the admissible values for the application. A further decrease in stiffness is observed in the manufactured plate. 
Overall, findings suggest that PCU can be a viable material to be printed by APF technology for fabricating craniofacial 
PSIs, with the advantage of minor stress concentration in critical points of the implant if compared with polyetherethere-
therketone (PEEK). However, further studies are necessary to effectively represent the effects of 3D printing in the FEMs 
used for structural validation and design optimisation.
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1 Introduction

Cranioplasty is a surgical reconstructive procedure to restore 
the structural integrity of cranial defects that may result from 
craniectomy following cerebral infections, head trauma, or 
bone resection for intracranial tumours [1].

The main clinical challenges in the reconstruction of 
craniofacial bone defects are the achievement of precise 
implant fit and adequate mechanical resistance, as well as 
the improvement of the aesthetics, quality of life, and psy-
chological well-being of the patient [2].

Cranial implant design has to consider two important 
aspects: biocompatibility and customization to the patient. 
Biocompatibility is guaranteed by appropriate material 
selection. The customization is achieved by processing the 
patient diagnostic imaging data, which allows a precise rep-
resentation of the skull trauma with the surrounding bone 
tissue, and the subsequent design and fabrication of Patient-
Specific Implants (PSIs) matching the patient’s unique 
anatomy [3–5]. In the following sections, the most recent 
advancements in the design and manufacturing of PSIs are 
briefly summarised, with an emphasis on polymeric materi-
als 3D printing, Finite Element Analysis (FEA) modelling 
and characterization.

1.1  Biomaterials

A large and growing body of literature has investigated bio-
materials for craniofacial reconstruction, including metals, 
ceramics and polymers [6].

Particularly, polymers are highly attractive for crani-
ofacial repair, due to their good processability and low 
cost in comparison to metals and ceramics. Unlike ceram-
ics, which are brittle and are exclusively used for bone 
replacement, they are resilient. In addition, polymers 
have the advantage of being radiolucent, hence facili-
tating unobstructed post-operative clinical diagnoses as 
opposed to imaging artefacts caused by metallic implants 
[6]. Table 1 summarises the mechanical proprieties of the 

main biomaterials used for craniofacial PSIs, namely Tita-
nium, Polyether Ether Ketone (PEEK), Polyetherketonek-
etone (PEKK), Ultra-High-Molecular-Weight Polyethylene 
(UHMWPE) and Polymethyl methacrylate (PMMA). The 
properties of poly(carbonate-urethane) (PCU), which is 
the object of this study, and natural cranial bone are also 
included.

PMMA was one of the first synthetic materials used for 
biomedical applications [11] and finds applications also in 
cranioplasty. In spite of their diffusion, PMMA implants 
show poor osseointegration properties [12].

UHMWPE is one of the most widely used materials in 
cranioplasty. This polymer is characterized by low density, 
non-toxicity and high bio-affinity [13]. Nevertheless, its 
low mechanical properties make it less effective than other 
polymers in replicating the mechanical behaviour of the 
cranial bone.

In recent years, biocompatible high-performance pol-
ymers like PEEK and PEKK have gained popularity in 
craniofacial reconstructions [3, 14–16] and orthopaedic 
applications [17]. They are chemically inert with high 
thermal stability and mechanical properties comparable 
to bone, thus offering an excellent alternative to metallic 
biomaterials in craniomaxillofacial reconstructive surger-
ies. Both polymers can be sterilized, facilitating their use 
in healthcare applications. As a drawback, the high stiff-
ness of these polymers may cause high stresses acting on 
the cranial bone.

Other promising polymers are the PCU, which are com-
mercially available in medical-grade formulation (e.g. 
Bionate®PCU, DSM Medical DSM Biomedical Inc., 
Berkeley, CA, US) and have been extensively character-
ized in the body of the literature [9, 18–20]. These poly-
mers are highly suitable for use in orthopaedic implants 
since they offer a unique combination of toughness, dura-
bility, flexibility, biocompatibility, and bio-stability [21]. 
The potential advantages of the use of PCU for craniofa-
cial PSIs are discussed in more detail in Sect. 2.

Table 1  Mechanical properties 
of the main materials of interest 
for cranial reconstruction

Material Density Young modulus Ultimate tensile 
strength

Poisson’s ratio References

– ( g

cm3
) (GPa) (MPa) – –

Titanium 4.42 110.00 1300 0.3 [7]
PEKK 1.31 3.80 110 0.35 [7]
PEEK 1.3 3.50 105 0.4 [7]
UHMWPE 0.94 1.10 41 0.46 [7]
PMMA 1.18 3.00 72 0.38 [8]
PCU 75D 1.22 0.89 63 0.49 [9]
Cranial bone 1.8 5.38 43 – [10]
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1.2  Manufacturing of cranial plates

Traditional manufacturing techniques for the production of 
PSIs such as injection moulding [22] and casting [23] are 
time-consuming, expensive and subjected to shrinkage con-
trol [24]. Also, the adoption of moulds does not allows for 
the patient-oriented customisation of the geometries.

Several studies investigated milling machining for manu-
facturing implants used in cranial reconstructions [3, 25]. 
This approach allows for greater flexibility but determine a 
significant waste of material due to milled chips.

In the last decade, greater attention has been given to the 
use of Additive Manufacturing (AM), also known as Three-
Dimensional Printing (3DP), in medicine. The applications 
of these processes in the field include anatomical models 
for preoperative planning, surgical guides, and prosthetic 
devices [26–32]. Particularly in the context of cranioplasty, 
many experiences have been reported on the fabrication of 
customized cranial implants using 3D printing [33, 34].

Among AM processes, Laser Powder Bed Fusion (LPBF) 
is the most widely adopted for fabricating PSIs since it can 
handle a number of biocompatible thermoplastics and metal 
alloys. LPBF of PEEK parts was first proposed by Schmidt 
et al. [35]. Later the EOS P800 3D printer (EOS, Electro-
Optical Systems GmbH, Krailling, Germany) was launched 
for additive manufacturing of parts from PEEK powders 
using a high-temperature laser sintering technology [36]. 
However, this technology, requires expensive powders, the 
handling of which poses a risk in a hospital environment.

Recent studies have demonstrated the opportunity to 
use filament-based material extrusion 3D printing, usually 
referred to as Fused Filament Fabrication (FFF), to produce 
customized PEEK implants. This result is achieved using 
medical-grade PEEK filaments and high-temperature FFF 
3D printers explicitly tailored for medical PEEK applica-
tions [34, 37–39]. Compared to LPBF technology, FFF 
offers the advantages of lower initial machine costs, easier 
operability and cleaner working environment [40].

However, this process must face significant challenges, 
such as the thermal management during the PEEK print-
ing process, the residual stress build-up, and the anisotropic 
behaviour of the FFF 3D-printed PEEK implants. Indeed, 
due to the layer-by-layer fabrication method, the shrink-
age contributes to weak interlayer bonding and, as a result, 
induces structural failures at the interface between the layers 
[41]. FFF also suffers from a limited number of processable 
polymers. This is due not only to the need for fabricating 
filament but also to the constraints in terms of material stiff-
ness [42]. Specifically, elastic materials are prone to buck-
ling of the filament entering the extruder [43].

To surpass these limitations, several AM processes using 
granulated pellet as a feedstock have been developed [44, 
45]. Among these processes, Arburg Plastic Freeforming 

(APF) attracted a considerable attention. This process adopts 
a unique droplet-based deposition strategy inspired by injec-
tion moulding techniques. The granulate material is firstly 
melted by means of a reciprocating screw. Then, the poly-
mer melt is pushed towards a deposition nozzle, which is 
sealed by a closure. Finally, a piezo actuator is used to open 
the nozzle intermittently so as to deposit small droplets of 
polymer melt on a moving building plate [46].

The increasing interest in this process is mainly due to 
the properties of manufactured parts. Specifically, previous 
studies demonstrated that this technology achieves higher 
accuracy, density and mechanical properties if compared to 
FFF [47, 48]. Moreover, the APF technology can allows for 
transforming an exceptionally wide range of polymers.

What is most important for applications in the biomedical 
field is the opportunity to use polymers which have previ-
ously had regulatory approval for use in medical devices 
[49]. In fact, the process does not require intermediate trans-
formations of the material such as filament extrusion, which 
can invalidate the certification [50]. This extends the oppor-
tunity to test with new materials and provide patients with 
custom implants [51, 52].

An example of medical application of the APF system 
was presented by Welsh et al., who proposed an innovative 
drug-releasing vaginal ring by medical-grade Thermoplastic 
Polyurethane (TPU) [53]. Zhang et al. used this technology 
to print edible on-demand drug realising solid dosage forms 
[54]. Hentschel et al. investigated a medical grade PMMA 
for implant applications. Specifically, the authors provided a 
method for the definition of process parameters and a charac-
terisation of the material [50]. According to the Arburg APF 
sales department, many more applications of the technology 
for the manufacturing of patient-specific medical implants 
have recently emerged [55]. Nevertheless, information on 
these applications is not yet available in the literature.

To the authors’ knowledge the AM processing of medi-
cal-grade polymers through the APF technology for fabricat-
ing PSIs remains quite under-investigated.

1.3  FEA modelling and characterization of cranial 
implants

To date, the design of craniofacial implants is carried out by 
operating surgeons based on clinical needs. In most cases, no 
mechanical analyses of the PSIs are performed, in spite of 
the great relevance of this aspect. The main reason is that an 
iterative experimental approach to mechanical design would 
be highly expensive and time-consuming due to the need for 
numerous tests and prototypes. As demonstrated by previ-
ous studies, numerical simulation by finite-element analysis 
(FEA) can be effectively used to optimise the mechanical 
design while limiting the cost of the design phase.
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El Halabi et al. [56] developed a Finite Element Model 
(FEM) of a cranial implant incorporating a scaffold struc-
ture. The implant was manufactured in biocompatible PEEK 
through LPBF technology. The material used to fabricate the 
implant was preliminary characterized by means of Three-
Point Bending (TPB) tests. Then, experimental tests were 
conducted on two cranial implant designs to observe their 
mechanical performance and validate the results of the FEA.

Garcia-Gonzalez et  al. [57] developed a FEM of the 
head starting from magnetic resonance imaging data. Such 
a model comprises the scalp, skull, cerebral falx, cerebro-
spinal fluid, brain tissues and an implant replacing part of 
the skull. The model was then used to study the mechanical 
response under a wide range of impact conditions. Finally, 
numerical simulations were conducted to compare the 
mechanical response of PEEK and hydroxyapatite (HA) 
cranial implants.

Zhigang Wan et al. [58] used FEA to compare the resist-
ance of four different skull implants made of PEEK and 
Titanium. Skulls and implants were considered isotropic, 
homogeneous and continuous linear elastomers.

Marcián [59] investigated the effects of implant thickness 
and material on deformation and stress distribution. An ana-
tomically realistic model consisting of a human skull, cranial 
implant, mini-plates and micro-screws was manufactured 
and studied using non-linear FEA. The implant assembly 
model included the detailed geometries of the mini-plates 
and micro-screws and was simulated using a sub-modelling 
approach.

This paper provides a numerical and experimental 
investigation of a PCU patient-specific cranial implant 
produced through APF. First, a numerical model of the 
implant based on FEM was developed. This model was 
validated using a quasi-isotropic 3D printing process, 
namely Stereolithography Apparatus (SLA). Then, the 
FEM was applied to predict the static behaviour of PCU 
implants realised through APF. The PEEK cranial plate 
used for surgery was also simulated to compare the dis-
tribution of stress and displacements. To better represent 
the mechanical properties of the final component fabri-
cated in PCU, an experimental campaign was carried out 
to characterise PCU specimens realised by APF. Finally, 
a PCU cranial plate was printed via APF and tested under 

quasi-static loads. The results of experimental tests were 
compared to those predicted by FEA to highlight the limits 
of numeric analysis.

2  Methods

2.1  Design of the patient‑specific implant

The present study investigates the retrospective case study 
of a patient requiring a reconstructive cranial plate. This 
case was treated at the Maxillofacial Surgery Unit of IRCCS 
Azienda Ospedaliera Universitaria di Bologna.

The patient-specific Computer-Aided Design (CAD) 
model of the cranial implant was generated starting from a 
high-resolution Computed Tomography (CT) imaging of the 
patient. Using image segmentation and subsequent surface 
reconstruction by Mimics Medical software (Materialise 
NV, Leuven, Belgium), the 3D model of the skull with the 
defect was reconstructed and saved in Standard Tessellation 
Language (STL) format. This model was used as a starting 
point to extract the cranial implant dimension and external 
contours. Then, the patient-specific reconstructive plate was 
designed to ensure the perfect matching between the implant 
and the host skull geometry. To this end, 3-Matic software 
by Materialise was used. The obtained patient-specific CAD 
model of the cranial implant is shown in Fig. 1, which sum-
marises the entire design workflow.

For clinical purposes, pre-surgical models of the defective 
skull and the designed patient-specific cranial plate were 3D 
printed with SLA. Then, a PEEK plate printed via LPBF 
was implanted on the patient for replacing the injured skull. 
Figure 2 shows both the pre-surgical model and the PEEK 
cranial plate used for surgery.

It must be noted that this implant is designed manually 
using a dedicated CAD software, a process that might take 
days or even weeks. In the interim, the patient will need tem-
porary brain protection, and eventually, a second surgery to 
replace the implant. To accelerate the implant design process 
and reduce waiting times for the patient, some recent studies 
have investigated the possibility of automatically creating an 
implant model from a CT scan using deep learning [60–62].

Fig. 1  Design workflow of the 
patient-specific implant. a CT 
scan, b Image segmentation and 
skull model reconstruction, c 
Design of the patient-specific 
cranial plate, d export of the 
STL model
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2.2  Materials

As discussed in Sect. 1, numerous biocompatible materials 
can be considered for fabricating PSIs in craniomaxillofacial 
applications. The present study focuses on PCU. Specifi-
cally, the medical-grade Bionate 75D PCU is investigated. 
The physical, mechanical and processing properties of this 
material are summarised in Table 2 [63].

Medical-grade Bionate®PCU polymers are currently 
being used in a wide range of applications, including neuro-
stimulation, vascular, artificial heart, cardiac assist and diag-
nostic devices. Because of their exceptional load-bearing 
capability and bio-stability, these materials are also exten-
sively used for orthopaedic applications such as hip and knee 
joints and spinal motion preservation devices [64–66].

In addition, PCU exhibits a highly time-dependent behav-
iour characterized by viscoelastic properties. Stiffening of 
the material with increasing strain rate has been observed 
for Bionate, with a reduction in the strain at break [9]. This 

interesting elastomeric behaviour can help to absorb impact 
energy and to avoid stress concentration, which may affect 
a cranial plate after implantation.

As a drawback, PCU is highly hygroscopic. Water absorp-
tion has a significant influence on both dimensional accuracy 
and mechanical properties. In fact, previous studies reported 
that conditioning considerably reduces the elastic modu-
lus and Ultimate Tensile Strength (UTS) of Bionate 75D 
PCU [9]. Unlike high-resistant polymers such as PEEK and 
PEKK, PCU can be printed at relatively low temperatures 
(see Table 2). This feature is highly beneficial as it reduces 
the complexity of the manufacturing process and the distor-
tions when the part is cooled at room temperature.

2.3  Manufacturing

Preliminary samples of the cranial plate were 3D printed 
by SLA using a Form 3 printer by Formlabs. CLEAR FLG-
PWH04 standard resin [67] was used for the process and 
the material was post-processed under a 1.25 mW/cm2 LED 
light with a 405 nm wavelength for 60 min at 60 ◦ C. This 
material is quasi-isotropic and is thus used in the next sec-
tions to validate the FEM.

To anchor the cranial plate for mechanical testing, the 
support base shown in Fig. 3 was manufactured with a Prusa 
i3 MK3 using carbon fibre-reinforced polyamide PAHT 
CF15. This material was chosen as it offers higher stiff-
ness than those used for manufacturing the cranial plate. 
Cylindrical PAHT CF15 specimens (20 mm in diameter and 
20 mm in height) were preliminarily printed to characterise 
the material under experimental compression tests.

The Bionate 75D PCU parts were manufactured using 
an APF 2X-200K printer machine by ARBURG GmbH. 
Starting with a set of parameters recommended by Arburg’s 
expertise, print settings were determined by optimising the 
Drop Aspect Ratio (DAR) and nozzle temperature [68]. The 
DAR was fine-tuned by printing several parallelepipeds of 
20 × 20 × 5 mm as those shown in Fig. 4 until satisfactory 

Fig. 2  a Pre-surgical model of 
the skull coupled with a a pro-
totype of the cranial plate made 
via SLA and b the final PEEK 
implant made by LPBF

Table 2  Mechanical and technological properties of the Bionate PCU 
75D as reported in the manufacturer technical datasheet [63]

Property Unit Value Test method

Density g/cm3 1.22 ASTM D792
Water absorption % 0.8 ASTM D750
Mould shrinkage, 4 ′′ disk % 1.2 ASTM D955
Melt flow rate, 5000 g @ 224 
◦
C

g/10 min 14 ASTM D1238

Hardness, Shore D 73D ASTM D2240
Ultimate tensile strength MPa 63.23 ASTM D1708
Ultimate elongation % 241 ASTM D1708
Flexural modulus, Secant 1.00% MPa 1.792% ASTM D790
Flexural stress, at 5.00% MPa 70.3% ASTM D791
Recommended extrusion tem-

perature
◦C 190–232

Drying temperature ◦C 82
Dry time hours 4
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results in terms of accuracy and filling were achieved. The 
nozzle and chamber temperatures were set to achieve a 
good layer adhesion without degrading the material and 
preventing oscillations of the DAR during the printing due 
to a lower viscosity. The printing parameters used for PCU 
manufacturing are summarised in Table 3. Due to its high 
hygroscopicity, the material was dried, as suggested by the 
datasheet [63], at 80 ◦ C for 8 h in a vacuum autoclave.

To evaluate the mechanical characteristics of the PCU 
printed by APF, TPB specimens of dimensions 80 × 10 × 4 
mm were printed and tested according to the ISO 178 
standard.

The PCU cranial plate was printed in the orientation 
shown in Fig. 5. This build orientation was chosen as it 
allows to avoid support structures on the concave surface, 
i.e. on the region facing the brain. It is worth mentioning 
that, due to the surface curvature, support structures are una-
voidable. To date, no studies reported information about the 
compatibility between PCU and solvable support materials. 
Therefore, the support structures were realized in PCU and 
manually removed at the end of the printing job. Two repli-
cas of the cranial plate were printed with different support 
designs. Specifically, support structures with infill densities 
of 25% and 50% were tested.

2.4  Finite element model

All the steps of the FEA have been carried out using 
Ansys®Mechanical software. For the scope of these analy-
ses, a solid geometry has been reconstructed starting from 
the STL model of the cranial plate obtained as described in 
Sect. 2.1 and shown in Fig. 1. To ensure a suitable model 
for simulation, the mesh exported by 3Matic was repaired, 
smoothed and homogenized by means of the SpaceClaim 
package by Ansys®. Then, the solid geometry was generated 
according to the workflow schematically shown in Fig. 6. 
First, the curvature of the implant was reconstructed using 
12 auto-generated patches (Fig. 6b). Second, the peripheral 
contact region to the support base was manually defined 
(Fig. 6c). Then, the contact area with the punch was obtained 
by a normal projection along the displacement direction 
(Fig. 6d). Finally, the 1.5 mm diameter holes, used for fixing 
the plate, were modelled and the countersinks were added 
(Fig. 6e, f).

The FEM is designed to replicate the setup of the experi-
mental compression test. The implant is in contact with the 
support base, which simulates the patient’s cranium. The 
geometry of the support base was obtained by vertically 
extruding the contact surface to a horizontal plane.

Fig. 3  Support base used to anchor the cranial plate for testing

Fig. 4  Benchmark parallelepipeds at different combinations of DAR 
and nozzle temperature

Table 3  Process parameters used for APF of PCU

Parameter Unit Value

Nozzle temperature ◦C 230
Temperature region 1 ◦C 225
Temperature region 2 ◦C 180
Build chamber temperature ◦C 120
DAR – 1.3
Contouring speed mm/s 9
Hatching speed mm/s 36
Travelling speed mm/s 150

Fig. 5  PCU cranial plate printed by APF with 50% support density
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It is worth mentioning that not all the holes shown in 
Fig. 6e were used in the real application. In fact, more holes 
than necessary are realized so as to allow choice during 
surgery. In the investigated case, the implant was anchored 
intraoperatively using the six screws highlighted in Fig. 7.

As will be detailed in the following sections, the experi-
mental tests were carried out by applying a compressive load 
to the cranial plate by means of a punch. The punch was 
designed as a cylinder of 25 mm diameter ending with a 
spherical cap of 40 mm radius. Figure 8 shows the complete 
finite-element setup of the compressive test.

Preliminary FEAs showed that the mechanical behav-
iour of the 3D-printed support base can be effectively 
approximated by means of a Mooney–Rivlin model with 
three parameters. These parameters, were obtained from 

Fig. 6  Workflow to obtain 
a solid geometry for FEA. a 
Starting STL model, b patches 
generation, c definition of the 
contact region to the support 
base, d definition of the punch 
contact region, modelling of e 
holes and f countersinks

Fig. 7  Intraoperative picture of the cranial plate. The screws used for 
anchoring are highlighted in red colour

Fig. 8  FEM setup of the com-
pression test
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compression tests performed on the cylindrical fibre-rein-
forced polyamide specimens.

Other materials used in the FEM are titanium for the 
screw and steel for the punch. The properties of these materi-
als were retrieved from the Granta material library included 
in Ansys®. Finally, the PEEK manufactured via LPBF was 
modelled using the material parameters presented by [69].

A convergence test was performed by iteratively refining 
the mesh size. The resulting mesh consists of 243.151 quad-
ratic tetrahedrons (TET10). Since a concentration of stresses 
is expected nearby screw holes, the mesh was locally refined 
to achieve a more accurate result. Figure 9 shows a detail 
of the local element size nearby the screw holes. The mesh 
was also refined in the contact regions between the base, the 
plate and the punch.

A fixed constraint was applied to the bottom surface of 
the support base. Frictional contacts were imposed at the 
plate’s interfaces with the base and the punch. Six beam 
connections were used to model the six anchoring screws 
shown in Fig. 7.

The static simulation consists of two steps. In the first 
step, a pre-load equal to 5 N is applied to the beam con-
nections to replicate the tightening of the screws during the 
assembly of the experimental setup. Then, a displacement of 
6 mm along the Y-axis (see Fig. 8) is applied to the punch. 
The corresponding load acting on the fixed surface of the 
support plane is acquired to draw the load versus deforma-
tion curves.

The stress and deformations of the implant were evalu-
ated in correspondence to specific values of load reported 
by previous literature. The first value is equal to 50 N, 
which corresponds to the scenario in which the head is in 

resting on a flat surface [8]. The second reference value 
is equal to 500 N and, according to [58], is representative 
of a severe impact.

2.5  Characterisation of the 3D‑printed PCU

For the scope of FEA, the properties of the PCU were 
initially set equal to those indicated by the manufacturer 
in the Technical Datasheet (TDS) and reported in Table 2. 
Then, a second simulation was performed by considering 
the mechanical properties derived from the experimental 
TPB tests performed on the 3D-printed specimens. Before 
the tests, the specimen density was measured by means of 
the gravimetric buoyancy technique which utilizes Archi-
medes’ principle. TPB tests were performed on an Instron 
5966 equipped with a 10 kN load cell. According to the 
ISO 178 standard guidelines, the support span was 64 mm 
and the test speed was 2 mm/min. Three repetitions of the 
test were performed. In both cases, a bilinear model with 
secant at 1% and 5% strain was used to calculate flexural 
modulus. The Poisson coefficient for all PCU set of pro-
prieties was taken from the literature [70] and set to 0.49.

A picture of the TPB tests on PCU specimens is shown 
in Fig. 10a. The TPB tests were interrupted ahead of fail-
ure since the deformation of the specimens was such to 
make them slip away from the supports. Flexural stress and 
strain were calculated according to the ISO 178 standard.

To verify the accuracy of the material model, a FEA 
replicating the TPB was performed. This analysis is car-
ried out using two symmetry conditions, as shown in 
Fig. 10b.

Fig. 9  Mesh used for simulation 
with a focus on the local refine-
ment nearby the screw holes
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2.6  Mechanical tests on the implants

All the mechanical tests were carried out on an INSTRON 
electro-mechanical Universal machine equipped with a 10 
kN load cell, at a 2 mm/min speed. A maximum displace-
ment of 6 mm was imposed on the punch, which was initially 
in contact with the tested part.

As mentioned in the previous sections, a preliminary 
mechanical test on the cranial plate printed via SLA was 
carried out to validate the FEA model presented in Sect. 2.4. 
Specifically, the replica of the implant manufactured by SLA 
was tested under a maximum load of 500 N. Mechanical 
properties of the Formlabs SLA resin reported in the tech-
nical datasheet [67] were used for bilinear modelling of the 
material.

The support base was coupled using screws to a metal-
lic plate anchored to the testing machine. The SLA cranial 
plate was mounted on the support base with surgical screws 
tightened with a torque wrench. Figure 11 shows a picture 
of the complete setup.

The same compressive test was carried out on the two 
PCU plates manufactured by APF.

3  Results

3.1  Three‑point bending tests on 3D‑printed PCU

The physical and mechanical properties of the 3D-printed 
PCU observed by TPB tests are summarized in Table 4. This 
table also reports data from the PCU TDS for comparison. 

The experimental data in Table 4 were used to implement a 
bilinear model of the PCU material, which is then used for 
the FEA shown in Fig. 10b. Figure 12 compares a typical 
load–displacement curve obtained by the experimental TPB 
tests with that calculated via FEA. The slight difference is 

Fig. 10  a Picture of the TPB tests and b corresponding FEA

Fig. 11  Picture of the mechanical test setup

Table 4  Mechanical properties of the PCU

Propriety TDS [63] 3D-printed TPB Percent difference

Flexural modu-
lus, secant 
1% (MPa)

1792 518 ± 16 71.09%

Flexural stress, 
@ 5% Deflec-
tion (MPa)

70.3 18.62 ± 0.10 73.54%
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most likely due to the bilinear approximation which gives a 
stiffer behaviour for higher deformations.

3.2  Validation of the finite‑element analysis

Figure 13 shows the force measured in the experimental 
compression test on the SLA resin-printed cranial implant 
and the response force computed by FEA.

3.3  Compression tests on PCU implant

Figure 14 shows the different load–displacement curves of 
the PCU cranial plate. Particularly, the force measured in 
the experimental tests performed on the APF-printed PCU 
plates with 25% and 50% density of support structures are 
plotted. Figure includes also the results obtained by FEA. 
These comprise the simulation with material properties from 
TDS and those obtained by TPB tests. Also, the results of 
the FEA carried out considering the characteristics of PEEK 
printed via LPBF are shown.

The distributions of total deformation and equivalent 
von Mises stress of the FEAs are shown in 15. Specifically, 
results obtained considering the properties of LPBF PEEK, 
TDS PCU and 3D-printed TPB PCU are reported. A red 
label is used to highlight the points of maximum stress and 

deformation. These results are evaluated for the maximum 
load considered, 500 N, in case of LPBF PEEK and TDS 
PCU. In the case of 3D-printed TPB PCU, are evaluated 
at the maximum displacement considered, 6 mm, at which 
correspond 459 N of load.

4  Discussion

As shown in Fig. 13, the results of compression tests on the 
SLA resin plate are in good accordance with the values cal-
culated by FEA. The maximum difference between the two 
curves is equal to 22 N. The curves highlight an almost lin-
ear relation between the compressive load and the displace-
ment of the application point. The FEM appears slightly 
stiffer at higher deformations. This is arguably attributable to 
the bilinear modelling of the material characteristic. Overall, 
these findings allow for validating the results of the FEA, 
which is thus used for the following analyses.

This FEM then used to calculate the mechanical behav-
iour of the implant considering TDS characteristics of the 
PCU and those of the implanted solution, namely PEEK by 
LPBF. As shown in Fig. 15, in both these simulations, the 
maximum stress is located nearby screw holes. This finding 
is expected since holes are stress concentrators [59].

Tables 5 and 6 report the equivalent von Mises stress act-
ing on the holes at 50 N and 500 N, respectively. It can be 
seen that the use of PCU determines a reduction of stresses 
on the screw holes. This is attributable to the elastomeric 
behaviour of this material, which determines a more effi-
cient redistribution of deformation energy. This finding 
highlights a potential benefit of the adoption of PCU for 
cranial implants.

On the other hand, the curves shown in Fig. 14 highlight 
that the adoption of this material determines a less rigid 
behaviour of the cranial plate if compared to the implanted 

Fig. 12  Comparison between experimental (EXP) TPB observations 
and results calculated via FEA using a bilinear model of the material

Fig. 13  Comparison between experimental results (EXP) of compres-
sion test on SLA cranial plate and corresponding FEA results

Fig. 14  Results of compression tests on PCU cranial plate printed by 
APF and FEA results on PCU and PEEK
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PEEK solution. Specifically, the expected deformation at 
500 N increases by 38% moving from LPBF PEEK to TDS 
PCU (i.e. from 0.82 to 1.32 mm). This finding was expected 
in light of the Young moduli of the two materials reported 
in Table 1. It is worth highlighting that the FEA displace-
ment calculated in the case of TDS PCU is lower than 3 mm, 
which is the assumed deflection limit defined by [71] for 
these applications. This is of great relevance since the maxi-
mum deformation during usage is a crucial aspect to ensure 
patient safety. The results of FEA run with TDS PCU prop-
erties would thus suggest that this combination of design and 
material is suitable for being implanted.

Nevertheless, a completely different conclusion is 
drawn if considering the 3D-printed TPB properties. In 
fact, the results of experimental density measures, equal to 
0.966 ± 0.002g∕cm3 , show that the density of the 3D-printed 
material is 20% lower than the TDS, equal to 1.22 g/cm3 . 
This result indicates that internal voids were generated by 
the printing process. The difference in mechanical proper-
ties is even more relevant, with a decrease of approximately 
70% in both flexural modulus and stress. Indeed, Hentschel 

et al. printed tensile specimens with the APF, and found 
a clear relationship between density and tensile properties 
[72]. Nevertheless the observed drop of mechanical proprie-
ties is only partially attributable to the difference in density. 
Arguably, the APF process determines also a sub-optimal 
adhesion between material drops. It is worth mentioning that 
the chamber temperature used for processing (i.e. 120 ◦ C) is 
the maximum reachable by this printer. Higher temperatures 
would possibly allow for a more efficient bonding between 
the polymer chains. The differences in mechanical properties 
between the TDS and the experimental observations have 
also a dramatic impact on the FEA. In fact, the curves in 
Fig. 14 show that the 3D-printed material does not reach the 
maximum load of 500 N even for a displacement of 6 mm, 
namely twice the upper limit to deflection. As reported in 
Table 7, a significant difference in displacement can be 
observed also at lower values of load. It can be observed 
that only the plate FEA run with TDS proprieties reached 
500 N without surpassing 3 mm of displacement. The FEA 
run with 3D-printed TPB properties, respect the limits until 
300 N and the two printed plates until 200 N.

Fig. 15  Maps of von Mises 
equivalent stress (MPa) and 
total deformation (mm)

Table 5  Equivalent von Mises 
stress on the screws and contact 
point with punch at 50 N 
(values are in MPa)

L1 L4 L6 T3 R2 R1 Punch

LPBF PEEK 7.96 5.87 4.50 3.51 6.32 7.24 5.57
PCU TDS 7.33 5.50 4.23 3.25 6.06 6.75 5.62
PCU TPB 5.65 4.21 3.18 3.33 4.54 4.77 5.05

Table 6  Equivalent von Mises 
stress on the screws and contact 
point with punch at 500 N 
(values are in MPa)

L1 L4 L6 T3 R2 R1 Punch

LPBF PEEK 63.6 42.0 41.2 62.9 32.1 42.7 46.2
PCU TDS 43.9 28.9 27.0 44.2 24.4 30.3 38.7
PCU TPB 35.6 21.3 18.9 28.1 23.6 30.3 35.6
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A further decrease in bearable load is observed in the 
experimental tests on the cranial plates printed by APF. In 
fact, the results in Fig. 14 and Table 7 show that the deflec-
tion of the real implant is significantly higher than the value 
calculated by FEA. This decrease in mechanical properties 
is possibly attributable to the particular shape of the implant. 
In fact, while the specimens for TPB are planar, the curva-
ture of the cranial plate means that the bottom surface is 
not in contact with the building plate. Since non-full sup-
port structures are used, the effect of gravity might further 
affect the density and adhesion of the material, determining 
a supplementary loss in stiffness. In Fig. 16, a magnifica-
tion of the cut sections of the 3D-printed PCU plate shows 
the formation of several voids. This hypothesis is supported 
by the comparison between the results obtained on the two 
replicas of the implant. In fact, it can be seen that more 
dense support structures allow for reducing the deflection 
of the cranial plate. This finding highlights the importance 
of researching a solvable support material compatible with 
PCU. Such a material would allow for fully dense support to 

the deposited material during printing and could be removed 
without damaging the part at the end of the process.

It is worth mentioning that the present study considered 
a single geometry of the implant, which was originally 
designed for PEEK. Significant improvements in maximum 
deformation and stress could be undoubtedly achieved by 
optimising the design for PCU. For example, small vari-
ations in the plate thickness may considerably affect the 
mechanical response of the part [59].

Also, in line with the existing literature, a static load of 
500 N was investigated to simulate the response of the sys-
tem in case of impact. Nonetheless, the elastomeric prop-
erties of PCU suggest that the energy absorption under 
dynamic loads might considerably differ from the quasi-
static behaviour. Further studies will be thus dedicated to 
experimentally characterising the impact resistance of APF-
printed PCU implants.

5  Conclusions

The present study explored, for the first time, the possibil-
ity to realise a cranial plate in PCU via APF 3D-printing 
process. This opens new marvellous opportunities for the 
on-demand manufacturing of patient-specific implants in a 
clean hospital environment. A FEM to estimate the mechani-
cal behaviour of these implants has been presented and vali-
dated. Additionally, one of the most critical area for evalu-
ating implant performance is the implant-screw interface, 
which future studies should be focused.

Overall, the results suggest that, due to the lower stiff-
ness of PCU, a redesign of the cranial implant is needed 
to limit deformations under the maximum expected loads. 

Table 7  Comparison between displacements calculated by FEA with 
different PCU properties (3D-printed TPB and TDS) and experimen-
tal observations (values in mm)

Load (N) EXP PCU 
(25% sup.)

EXP PCU 
(50% sup.)

FEA PCU 
(3DP TPB)

FEA 
PCU 
(TDS)

50 0.47 0.45 0.43 0.17
100 1.06 0.94 0.82 0.30
200 2.99 2.31 1.70 0.56
300 – – 2.81 0.81
500 – – – 1.32

Fig. 16  Picture of the section of the plate, observed at the microscope, for plates with support at a 25%, b 50%
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Experimental findings also highlight that the 3D-printing 
process determines a considerable loss in density and stiff-
ness with respect to the TDS material properties, which are 
acquired from injection molded specimens (i.e. more dense). 
It is thus crucial to include the effect of the process within 
the material model used for calculation to avoid incorrect 
evaluations.

Experimental observations show a significant influence of 
support design on the mechanical performance of the manu-
factured plate. This highlights the importance to find solv-
able support materials compatible with PCU to realise fully 
dense support structures. Higher build chamber tempera-
tures and further fine-tuning of process parameters could 
also improve the final properties of the implant.
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